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We are submit t ing a rev ised vers ion of  Volune I I I -1

ent i t led "Stat is t ica l  Analyses :  Est imated Physica l  Changes

Due to SONCS".  In  th is  rev ised vers ion we have inc luded

Upstream-Downstream and BACI analyses on the logarithrn of

imadiance as well as BACI analysis on temperature and

ses ton .  Th i s  rev i s ion  o f  Vo lume I I I  does  no t  t ake  fu1 l

account  of  a l l  rev iewers '  comments received so far .  This

r . r i l I  be done in  the eomplete draf t  to  be submit ted on

Sep tember  30 ,  1987 .  The  t rea tmen t  o f  resu l t s  i n  1 .5  w i th

low  s ign i f i cance  l eve l s  i s  unsa t i s fac to ry  and  w i l l  be

rev ised in  the September draf t .
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STATISTICAL ANALYSES: ESTIMATED PHYSICAL CHANGES DUE TO SONGS

1 .O UPSTREAM.DOWNSTREAM ANALYSES

1.1 INTRODUCTION

Beginning in  la te 1983,  a number of  s tat ions wi th  inst ruments to

record currents ,  i r rad iance and temperature were insta l led in  the

v ic in i ty  o f  SONGS, at  the locat ions shown in  F igure 1- l -1 ,  to  implement

a p lume-moni tor ing program for  the MRC. This  program was speci f ica l ly

des igned  fo r  t he  d i f f i cu l t  t ask  o f  l ook ing  fo r  s ta t i s t i ca l l y -

s ign i f icant  phys ica l  changes at t r ibutable to  the operat ion of  SONGS,

separating them from the coherent natural changes and random

f luctuat ions that  largely  dominate the h is tor ies of  phys ica l  var iab les

o f f  San  Ono f re .

Since the oppor tuni t ies to  make compar ison measurements at  t imes

when SONGS was not  operat ing would be l imi ted to  occasional  shutdowns

af ter  1983,  the program was designed to compare measurements at  t imes

when a station was in the plume of SONGS Units 2 and 3 with those at

t imes when the s tat ion was not  in  the p lume,  by a scheme eal led

Upstream-Downs tream analys is .

Here the term "p lume" means the body of  water  d ischarged and

entra ined by the SONGS di f fusers wi th in  some chosen span of  t ime

preeeding the t ime of  measurement .  The boundar ies of  the p lume are

-1 -
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genera l l y  i l l - de f i ned ,  and  i t  wou ld  ce r ta in l y  be  ve ry  d i f f i cu l t ,

conceptual ly  or  pract ica l ly ,  to  determine wi th  h igh accuracy that  a

g iven p lace is  in  or  out  o f  the p lume at  a  g iven hour .  For  a feas ib le

approx imat ion,  measurements were c lass i f ied as in  the p lume (Plume) or

out  o f  the p lume ( funbient  )  by apply ing a s imple model  for  the behavior

of  the p1ume.  The premises of  th is  model  are these:  the advect ion of

water  in  the p lume is  g iven by the current  h is tory  recorded in  the

v ic in i ty ,  wi th  an added of fshore ve loc i ty  due to  the or ig ina l  momentum

of  the d ischarge;  the d ispers ion of  water  outward f rom the s ides of  the

p lume i s  g i ven  by  Okubo ' s  exp ress ion  (L974)  fo r  t he  sp read ing  o f  dye -

pa tches  i n  t he  sea .  Us ing  th i s  mode l ,  t he  wa te r  a t  a  s ta t i on  a t  a  g i ven

hour  is  back- t racked by adding up d isp lacements hour  by hour  unt i l  the

back - t race  c rosses  an  ope ra t i ng  d i f f use r  l i ne ;  t he  t ime  e lapsed  s ince

the most  recent  cross ing is  ca l led the p lume age of  the water  at  the

or ig ina l  p lace and t ime of  a  measurement .  Measurements are c lass i f ied

as Plume or  Ambient  by whether  the p lume age is  or  is  not  less than a

chosen cut -of f  age,  which was taken as 10 hours in  the analyses repor ted

here .  De ta i l s  o f  t h i s  p lume mode l  a re  g i ven  be low  in  1 .2 .

Besides the p lume model ,  these analyses a lso requi re a model  for  the

nature of  the SONGS ef fects  and the natura l  e f fects  that  are to  be

seParated f rom them. Gonsider  two stat ions ca l led N and S,  one nor th of

the d i f fusers and one south,  and two sets  of  data,  a  set  denoted bV (O)

f rom t imes when N was Ambient  and S was Plume,  and a set  denoted by (1)

f rom other  t imes when N was Plume and S was Ambient .

. ) r "  : ,  l  . i  F ' r  1  |

, i  ,  ,  . - * , .  ,  ,1 . ,  +L: ; :

T,u t' i l i-

, i '  , r  f -  C r  , ;



Measurements of irradiance at the two
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..A"  is  the added i r rad iance due to SONGS at  the nor thr  t ' , \

'As

'PN

'Ps

o Q

s ta t i on  when  th i s  s ta t i on  i s  Amb ien t ,  , ' l  ,  -  i  
I  '  I

i s  t he  same,  a t  t he  sou th  s ta t i on ,

is the added irradiance due to SONGS at the north

s ta t i on  when  th i s  s ta t i on  i s  p lume,

i s  t he  same,  a t  t he  sou th  s ta t i on ,

is  the natura l  d i f ference between the t imes in  the

d i f f e ren t  se ts  (0 )  and  (1 ) ,  wh ich  may  be  due  to  the

di f ferences between currents  at  d i f ferent  t imes or  to

any other natural changes with t ime,

is  the mean natura l  d i f ference of  i r rad iance betweeno l

the t f ig l  s ta t ions due to  the i r  d i f ferent  locat ions,  and

.  E is  a  random f luctuat ion averaging to  zero.

As the equat ions show, the natura l  t ime-d i f ference C is  taken to  be

the  same a t  bo th  s ta t i ons ,  and  the  na tu ra l  l oca t i on -d i f f e rence  L  i s

taken to  be constant  over  t ime.  Both k inds of  natura l  d i f ference are

po ten t i a l l y  much  too  l a rge  to  l eave  ou t  o f  t he  mode l ;  wha t  t he  mode l

must  assume is  that  there are no natura l  d i f ferences between t imes

-3 -



(o ther  than the f luctuat ions that  average out)  that  are unequal  a t  the

two  s ta t i ons .

This  is  a  system of  four  equat ions in  seven unknowns,  which cannot

be so lved for  each of  the unknowns.  The par t ia l  so lut ion that  can be

obta ined by subtract ion and averaging of  the equat ions is :

AA =  A1-a0  =  (N t -Sr )  -  (NO-SO)  =  (p " -A" )  *  (ps -AS)  ,

which is  twice the average over  the two stat ions of  the SONGS-induced

di f ference in  i r rad iance between p lume and Ambient  t imes.

This  measure of  SONGS'  ef fects  on i r rad iance is  the best  that  can be

obta ined in  the presence of  large and unknown C and L,  un less there a lso

are enough data sets  f rom t imes when SONGS was not  operat ing,  and wi th

one stat ion at  a  d is tance beyond the in f luence of  SONGS, to  prov ide four

more equations (with one mo*€g*gl1$p.own from the natural t ime difference

between Ql f  and O-FF per iods)  so that  the whole system can be so lved to

g ive P and A ef fects  at  the near  s tat ion separate ly ,  instead of  the i r

d i f f e rence . I l '  { '"r }\* r
- ' r  , : l+ ivr+C+e

Some analyses of  p_his ,k ind are descr ib-ed in  .1 , .5  .be_l .ow.  The

necessary assumpt ion that  there are no t ime changes act ing unequal ly  on

the two stat ions becomes weaker  r . i i th  d is tance,  though,  and i t  seems

I i ke l y  t ha t  t hese  ON/OFF ana lyses  w i th  a  d i s tan t  s ta t i on  do  i n  f ac t

s t ra in  th i s  assumpt ion .

-4 -



Meanwhile i t  is most important to remember that the irradiance

changes t i l2  repor ted here are the est imated d i f ferences between Plume

andAmbient  t imes due to SONGS, averaged over  both s tat ions.  These are

not  genera l ly  the same th ing as the aggregate ef fect  o f  SONGS over  the

whole per iod of  observat ion,  averaged over  both s tat ions.  To re la te the

two requi res fur ther  knowledge or  assumpt ions about  the separate P 's

and A's ,  and a lso about  the ef fects  of  SONGS at  the sFat i .ons, ,a t  t imes
,  r  . J  ;  ! '

when nei ther  s tat ion was in  the p lume.  , - . i  f . ]  . : " , " '  
r  ' r -  ' ' i * .  

l& ' "  t i * "
' t ? 'F-)S

Cp ffc."i'*: 1tJ r- u\-r 1,,..,a-=',1
Direct  est imates of  the aggregate SONGS e$fects  at  some stat ions

are g iven by the BACI analyses repor ted in  2.0.  These are der ived by

overa l l  compar isons of  long spans of  t ime before and af ter  SONGS began

oPerat ion '  so the resul ts  are only  comparable wi th  long- term averages

of  (P-A) .  A compar ison of  these BACI resul ts  wi th  the overa l l  Upstream-

Downstream resul ts  f rom 1.6,  leading to  separate est imates for  F and I ,

i s  g i ven  i n  the  f i na l  sec t i on  3 .0 .

i  i !
I it* r-i"

- 5 -
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1 .2  The  P lume Mode l f o r C lass  i f y i ng Observat ions

Kum

compu ta t i ons  fo r  c lass i f y i ng  an  obse rva t i on

(X,  Y)  and hour  t  as Plume or  Ambient  were

by a program named PLUME.SAS.

The longshore coordinate X" 4L ;-.:  of water that left
' ? \

1 ' n  , i

hours before t  was
i ' ' --

computed as

},fer,

7?p

V \^b

where V is  hour ly  mean longshore

toward negat ive X)  der ived f rom

cur ren t  (m /h r ,  w i th  pos i t i ve  V  d i rec ted

loca l  reco rds  as  desc r ibed  l a te r  on ;

x,u(t ,n)  :  xwo .  I  
-vr-kat  ,

f=il

the d:
)*a*

,
a

I
{
,

l o
f

At = I  hour ,  and XW' = +350 m, taken to  be the MRC X-coord inate

X"  was  compu ted  fo r  n  =  0 ,  L ,  2 ,

X " (n , r t )  <  x ( t )  .  Xw(n+ l , t )  f o r  X  >  0

X" (n , t )  >  x ( t )  t  xw (n+ l , t )  f o r  x  <  0 .

I f  the condi t ion was sat is f ied for  n  ( rneaning that  water  d ischarged in

the nth hour  before t  crossed the X-coord inate of  the s tat ion in  the

hour  t ) ,  t he  c ross -she l f  coo rd ina tes  y ru  and  YWU a t  t  o f  wa te r

d ischarged at  t -n  f rom the inshore (L)  and of fshore (u)  ends of  the

The actual

MRC coordinates

fo l l ow ing  s teps

made at the

done in the

d i f f use rs .

for  each n

For  every hour  t ,

t he  resu l t s  were
\ , ,  ' r /  

IXp.tC {  x .* ,

t es ted  aga ins t

e fu-r1

the condi t ion

| . - : j }1 - ' i$ ! * t ' '& f : .4 .  L

i f f use rs

o f  bo th

-6 -



operat ing d i f fusers were computed by the model

r ' : i  Y" " (n , t )  =  Y0 -  o  .  I  (u r - r ,  *  uD )a t
Fd

Y* (n , t )  =  YwL  ' ,  2a  +  t
;{;"t 

r rtand

where YO is  the MRC Y-coord inate of  the inshore end of  the most  inshore

operat ing d i f fuser  ( that  is ,  Uni t  3  i f  on ly  Uni t  3  is  operat ing and Uni t

2  i f  both or  on ly  uni t  2  are operat ing) ;  JJ is  hour ly  mean longshore

current  der ived f rom records in  the same way as V (m/hr  ;  pos i t ive Y and

U a re  d i rec ted  onshore ) ;  UO =  -180  m/h r ,  t aken  to  be  a  cons tan t

addi t ional  o f fshore ve loc i ty  imposed by the momentum of  the d ischarge;

At  = I  hour ,  as for  X"  ;  L  is  the length of  one d i f fuser  i f  on ly  one is

operat ing,  or  the combined length of  the two i f  both are operat ing;  and
'  2 ,  I t

. * , a  =  10 .8  r r ' t '  ( * )  i s  t he  s tandard  dev ia t i on  o f  d i s tance  o f  pa r t i c l es

dispers ing ih  the sea over  n hours f rom the ends of  the d i f fusers,

der ived f rom a re la t ion g iven by okubo (Lgl4) ,  d iscussed below' .

As  we  sa id ,  Yw, , (n , t )  and  Y*  (n , t )  we re  compu ted  fo r  t he  f i r s t  n

that  sat is f ied the condi t ion on X These were then tested against  the

cond i t i on  Y " r (n , t )  >  Y ( t )  t  YWU(n , t )  ( a11  s ta t i on  Y ' s  a re  nega t i ve )

I f  t h i s  cond i t i on  on  Y  i s  a l so  sa t i s f i ed ,  bes ides  the  cond i t i on  on  X  ,  i t

means that  the s tat ion at  (X,y)  a t  hour  t  l ies  wi th in  the boundar ies of

the par t  o f  the model  p lume that  le f t  the d i f fusers wi th in  hour  t -n  At

the  sma l l es t  va lue  o f  n  fo r  wh ich  bo th  cond i t i ons  were  sa t i s f i ed ,  t he

hour  t  was ass igned a p lume age of  n  hours,  and the computat ions were

star ted over  for  the next  hour  ( t  +  1)

-7 -
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When  bo th  cond i t i ons  we re  no t  sa t i s f i ed  f o f  n  =  0 ,  L r  Z ,3 ,

the computat ions were cut  o f f  a t  a  speci f ied n ,  and no p lume age was

ass igned  to  t  a t  t ha t  l oca t i on .  A t  t he  f i na l  s tage  o f  ac tua l l y

c lass i fy ing measurements as Plume or  Ambient ,  a  fur ther  cut -of f  was

app l i ed .  I n  t he  ana lyses  repo r ted  he re ,  measuremen ts  a t  X ,  Y ,  t  w i th

p lume age n < 10 hours were c lass i f ied as Plume,  and those at  x ,  } .  t

w i th  n

Anbient .

To produce a ser ies of  representat ive hour ly  va lues of  ambient  V

and  u  fo r  t hese  compu ta t i ons ,  w i th  as  few  da ta  gaps  as  poss ib le ,  V ,  and

Ua were iormed by averaging the means for hour t from the records of

severa l  current  meters at  3  m depth.  The locat ions used for  these

averages in  d i f ferent  years were:

1984 :  WT08  ,  WT09 ,  uVT10 ,  UVTI I

1985 :  uVT01 ,  UVT l l ,  UVT12 ,  UVT13

uv r14 ,  uvT17 ,  wT1g ,  uvT lg

1986 :  wT13 ,  UVT14 ,  UVT17 ,  WT lg

These locat ions are shown on the s tat ion map Figure l - l - l ;  they are

symmetr ica l ly  d isposed about  SONGS. The stat ions of  choice would be WT

13 ,  14 ,  L7 ,  and  18  ,  as  i n  1986 ,  b racke t i ng  soNGS bu t  p robab ryno tmuch

in f l uenced  by  p lume ve loc i t i es ;  t he  c lose r  s ta t i ons  were  used  by

necess i t y  i n  ea r l i e r  yea rs  because  these  s ta t i ons  were  no t  ye t

i ns ta l l ed .  A11  s ta t i ons  on  the  l i s t  f o r  a  g i ven  yea r  t ha t  were

operat ing in  hour  t  were inc luded in  the average for  that  hour .

-8 -
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The  o f f sho re  ve loc i t y  UD =  -180  m/h r  o r  -5  cm/sec  ,  chosen  as  a

constant  to  represent  the of fshore momentum of  the p lume i tse l f ,  was

der i ved  f rom inspec t i on  o f  dye - t ra jec to r i es  i n  a  hyd rau l i c  sca le -mode l

o f  t he  SONGS d i f f use rs  (Koh ,  € t  a l ,  L974 ,  F i gu res  6 .3 -6 .7 ) ,  w i t h

corroborat ion of  i ts  genera l  magni tude f rom many f ie ld  observat ions.

The c lass i f icat ion of  hours as Plume or  Ambient  d id  not  turn out  to  be

ve ry  sens i t i ve  to  modera te  vT ia t i o r "  
l _ t  yO .  -  4  

"  
l r 1 * .  

. . , t  . . . n ' . , , . , . , , ' _ fuJ  j
- ' ' " r L .  

:  
j r r l , r  t u  ' t ,  t ,

t i :*" .L,r ' ; ' t"  -
L , )  

, ( * 1 ! " , :  n "  
" : " : .  , 1  

, ,  
{ ,  t : r .  r r .

Okubo  (L974)  f i t t ed  a  l a rge  body  o f  da ta  on  dye -pa tches  d i spe rs ing
-q  ,  3i n  t he  sea  by  t he  re l a t i on  o2  =  C1 r t3  ,  w i t h  C l ,  =  2 .5  x  10 - r . * ' 7 " " "

f o r  t imes  up  t o  ha l f  a  day .  Th i s  g i ves  o  =  10 .8  n3 l z ,  i nme te rs  f o r  n

in  hours,  
" "  

the s tandard.  dev iat ion of  the d is tance of  par t ic les

d i spe rs ing  f rom a  po in t ,  re la t i ve  to  the i r  cen te r  o f  mass .  Th i s

exPress ion was used to represent  d ispers ion of  p lume-water  f rom points

on the bounding traiectories given by the other terms in x" and Y" ,

essent ia l ly  to  express the fact  that  the p lume grows wider  wi th  t ime.

These representat ions of  the ef fects  of  p lume momentum and

dispers ion are cer ta in ly  inexact ,  but  they come f rom argumqnts that

have noth ing to  do wi th  the data points  being c lass i f ied.  The chosen

cut-of f  t ime of  n  < 10 hours is  an arb i t rary  e lement ,  resul t ing f rom

tun ing  the  mode l  i n  ea r l y  t r i a l s ,  bu t  t he  c lass i f i ca t i ons  a re  no t

s t rong ly  sens i t i ve  to  sma l l  va r i a t i ons  o f  t he  cu t -o f f  a round  10  hou rs .

At  ages considerably  larger  than 10 hours,  the condi t ion on Y becomes

easy to  meet  because of  the growth of  o  ,  and the condi t ions rever t
u

\.0 ul t imate ly  to  a s impler  cr i ter ion depending only  on X and

l ,  ' . - . j t ' ' l
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Actual  p lumes vary widely  in  d i lu t ion as wel l  as locat ion,  and we

should consider  the ef fects  of  express ing p lume in f luence as a

dichotomy between present  or  absent .  We can envisage an actual  p lume

e f fec t  as  p (g ) ,  depend ing  on  the  f rac t i on  g  o f  p lume-wa te r  (pe rhaps

weighted by age)  at  a  t ime and p lace.  I f  we could measure g ,  we would

p robab ly  l ook  fo r  P  by  a  l i nea r  reg ress ion ,  mode l l i ng  P (e )  by  Be  and  F

by  Bg .  The  d i cho tomy  essen t i a l l y  mode ls  P (e )  by  a  s tep - func t i on ,  0

fo r  g  be tween  0  and l - f p ,and  A  f o r  gbe tween l - f ,  and  l , f p

be ing  the  f rac t i on  o f  da ta  po in t s  c lass i f i ed  as  P lume,  and  A  the

di f ference of  means between c lasses;  the d ichotomy models  F by tpAA
/<

An ideal  d ichotomy would g ive fp  = E for  any data set ,  and would be

equiva lent  to  a l inear  regress ion,  g iv ing b = [ .  The min imum

requi rement  for  an acceptable d ichotomy is  that  i t  should g ive fp  non-

decreasing wi th  g when appl ied to  many data sets .

I f  t he  ac tua l  p (e )  i s  reasonab ly  l i nea r ,  so  as  to  be  we l l - f i t t ed

by a l inear  regress ion model ,  A wi l l  be reasonably  independent  of

var ia t ions in  the f ract ion fp  resul t ing f rom the use of  s t r ingent  or

Iax  c r i t e r i a  f o r  c lass i f y i ng  a  po in t  as  P lume.  A  sea rch  fo r  b ias  i n  t he

es t ima tes  o f  F  g i ven  by  a  pa r t i cu la r  c lass i f i ca t i on -scheme mus t  be

di rected to  in teract ions of  the scheme wi th  non- l inear i t ies in  the

ac tua l  e f f ec t .

JJ

! r r

c' ii:
j , I

|  - 1 ^ '

i
I

\

-  10 -



1 .3  S ta t i s t i ca l Methods

The data sets  of  hour ly  i r rad iance va lues that  are compared in

these analyses show a h igh degree of  autocorre lat ion;  the depar ture

f rom the mean of  a  va lue (or  a  d i f ference)  at  a  g iven hour  is  not

independent  of  the depar tures in  prev ious hours.  When autocorre lat ion

is  present  in  the data,  ord inary least -squares est imates are not

e f f i c i en t :  even  w i th  l a rge  sampres ,  t he  s tandard  e r ro r  i s

underest imated and the s ign i f icance of  an est imated d i f ference is

ove res t ima ted  ( the  va lue  o f  p  i s  t oo  sma l l ) .

The method ad.opted to  f ind proper  p- levels  for  est imates drawn

from these data sets  was to  recast  the model  o f  the SONGS-induced and

na tu ra l  e f fec ts  d i scussed  above  i n  1 .1  i n to  a  l i nea r  reg ress ion  mode l

w i th  au toco r re la ted  e r ro rs ,  as  fo l l ows :  t ak ing  the  da ta  se ts  deno ted  by

(0 )  and  (1 )  i n  l . l  t oge the r ,  t he  i r rad i -ance  d i f f e rence  (N-S)  fo r  a  g i ven

hou r  t  i s  exp ressed  as  N -S  =  A ( t )  =  BO +  B rW( t )  *  e ( t ) ,  w i t h

e ( t )  =  A t " ( t - 1 )  +  A2e ( t -Z )  *  A3 " ( t - 3 )  *  e ( t )

I n  t h i s  exp ress ion ,  BO and  B ,  a re  cons tan ts ,  and  W( t )  i s  an  i nd i ca to r

var iab le that  takes on the va lue 0 for  hours in  the data set  (0) ,  when S

is  c lass i f ied as Plume and N as Ambient ,  and takes on the va lue 1 for

hours in  the data set  (1) ,  when N is  ca l Ied Plume and S Ambient .  The

nor th -sou th  d i f f e rences  i n  t he  e r ro r  t e rms  in  1 .1  a re  wr i t t en  as  e ( t ) ,  a

sum of  prev ious error  d i f ferences,  each mul t ip l ied by a constant

coe f f i c i en t  A '  f o r  i t s  l ag  o f  n  hou rs ,  p lus  a  f i na l  t e rm r ( t )

representing independent normal errors .

- 1r-



Apart  f rom the t reatment  of  er ror  terms,  th is  regress ion model  is

equ iva len t  t o  t he  mode l  1 .1 ,  and  the  phys i ca l  assumpt ions  abou t  t he

nature of  SONGS-induced and natura l  changes are exact ly  the same.  The

average over  a l l  the hours wi th  W=0 g ive"  B0 -  N0 S0 = AN-pS -L ;  the

average over  a l l  the hours wi th  W = I  g ives B0*Bl  -  Nl  S1 = pN -  AS -  L  ;

and the d i f ference of  the two averages g ives B,  = (PN-AN) + (pr-Ar)  = ad

in  the  no ta t i on  o f  1 .1 .  The  na tu ra l  cu r ren t -e f fec t  o r  t ime-e f fec t  C  i s

e l iminated at  the outset  in  th is  model  by s tar t ing wi th  the d i f ferences

of  pa i red observat ions at  the nor th and south s tat ions in  the same hour .

The  necess i t y ,  and  the  va1ue ,  o f  t he  reg ress ion  mode l  comes  f rom

i t s  ab i l i t y  t o  es t ima te  each  o f  t he  cons tan ts  Bg  ,  81  ,  A l  ,  Az ,  and  A ,  i n

the  p resence  o f  a l l  t he  o the rs ,  and  to  tes t  each  one  separa te l y  f o r

s ign i f icant  depar ture f rom zero.

The actual  regress ion analyses were carr ied out  by the SAS

procedure  PRoc  AUTOREG (sAS/ETS use r ' s  Gu ide ,  1984 ,  pp .  189 -195) ,  us ing

the opt ion of  maximum-l ike l ihood est imat ion s t rongly  recommended by the

Guide fo . r  data sets  wi th  many miss ing va lues.  This  SAS rout ine prov ides

es t ima tes  o f  each  cons tan t ,  w i th  i t s  s tandard  e r ro r ,  t - va lue ,  and  p -

va lue .  The  rou t i ne  a l so  p rov ides ,  among  o the r  t h ings ,  t he  to ta l  12  1ah"

f rac t i on  o f  t he  va r iance  o f  A ( t )  t ha t  i s  exp la ined  by  the  mode l ) ,  as  a

check  tha t  t he  moder  i s  ac tua l l y  su i t ab le  to  the  da ta  se ts .

As a pre l iminary to  these analyses,  the means and var iances of

hour ly  s tat ion d i f ferences in  a number of  data sets  were computed for  a

-L2 -



success ion  o f  t h ree -day  pe r iods  ex tend ing  ove r  s i x  weeks ;  t hese  th ree -

day means were examined for trends against t ime and against each other.

No such t rends were found in  many t r ia ls ,  and we have assumed that  a l l

t he  da ta  se ts  used  i n  these  ana lyses  a re  s ta t i ona ry  t ime-se r ies ,  as  i s

requi red for  the va l id  use of  a  regress ion model  wi th  no secular  term

propor t ional  to  t ime.  A large set  o f  t r ia l  runs a lso showed that  the

coef f ic ient  A,  was smal l  and ins ign i f icant  enough to be d isregarded,

and this term was dropped from the model. The important question of

add i t i v i t y  i n  t he  da ta  se ts  i s  t rea ted  i n  1 .6  be low ,  and  aga in  Ln2 .1 ,  i n

the  d i scuss ion  o f  BACI  ana lyses .

As a f ina l  s tep,  the res iduals  f rom the model  were examined.  There

were occasional  very large out l iers ,  out  to  9 s tandard deviat ions f rom

zeto, and a good number at 3 or 4 standard deviations, indicating that

the res iduals  are not  genera l ly  normal .  We have taken no fur ther  s teps

to  dea l  w i t h  t hese .
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1.4 Resu l t s  o f Upstream-Downstream Analys is  of  I r rad iance

Each  o f  F igu res  1 -1 -2  th rough  1 -1 -12  g i ves  p lo t s  o f  f ou r  va r i ab les

throughout  a year  at  one stat ion.  The uppermost  p lo t  is  s imply  the

dai ly  mean i r rad iance recorded at  the s tat ion,  in  Ulm2-aay.  The second

plot  g ives an est imate every seventh day of  AI l2  at  the s tat ion,  f rom

analys is  of  a  per iod of  28 days centered around the day in  E/m2-hr .  The

th i rd  and four th p lo ts  g ive the f ract ion"  fp  of  day l ight  hours

(de f i ned  as  hou rs  w i th  reco rded  I  >  .01  E /mz-h r )  and  o f  a l l  hou rs  tha t

were  c lass i f i ed  as  P lume by  the  mode l  g i ven  i n  1 .2 .  Th i s  d i s t i nc t i on  i s

necessary in  s tudy ing re la t ions between f ,  and AA-/2 because the p lume

of  course does not  a f fect  i r rad iance in  the absence of  sunl ight .

S ince L i lz  is  an average over  many dayl ight  hours,  i t  can be

approx imate ly  conver ted to  n/m2-day for  compar i .son wi th  the p lot  o f

mean dai ly  i r rad iance s imply  by mul t ip ly ing aa- /2 by 10 ,  which is  about

the average number of  day l ight  hours (as def ined here)  per  day in  the

da ta  se t s .

Recal l  that  Af , /2  p lo t ted for  a  s tat ion is  actual ly  the average of

P-A over  the s tat ion and a counterpar t  on the other  s ide of  the d i f fuser

l i nes .  Whenever  poss ib le ,  t he  coun te rpa r t  s ta t i on  was  chosen  to  be  a t

the same water  depth and d is tance f rom the d i f fusers as the s tat ion i t

matched.  Other  s tat ions were used as counterpat ts  when i t  was necessary

to  f i l l  da ta  gaps ,  i n  t he  fo l l ow ing  o rde rs  o f  p re fe rence :  i n  L984 ,  PS l

was the counterpar t  o f  choice for  a l l  the s tat ions in  SOK, wi th  L45 as a

- L4-
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second  cho ice ;  i n  1985  and  1986 ,  coun te rpa r t s  were  chosen  by  the  tab le

be  l ow .

STATION COUNTERPART

SOKU45 and SOKD45

SOKU35

SOKD35

1

PL45

PN

PIN

2

PN

PIN

PN

3

PIN

PL45

PL45

The locat ions of  a l l  these are shown in  F igure 1.

The p lots  of  ATl2 in  F igures 2 through 12 show a near ly  cont inuous

his tory  of  negat ive P-A ,  a  reduct ion of  i r rad iance in  Plume hours

re lat ive to  Ambient  hours at  a l l  four  s tat ions in  SOK and the i r

coun te rpa r t s .  Th i s  e f fec t  i s  on  the  o rde r  o f  -0 .06  n l ^Z -h r  ,  somet imes

two or  three t imes larger ,  and is  rnost ly  found at  a  s ign i f icance- level

of  p  < .05 Here i t  is  wor th re i terat ing that  the model  which leads to

these resul ts  e l iminates any consis tent  natura l  changes C due to

corre lat ion of  i r rad iance wi th  current -d i rect ion,  S&y,  so that  the

ef fect  (P-A)  must  be at t r ibuted to  someth ing that  l ies between the

s ta t i on  and  i t s  coun te rpa r t .  Th i s  po in t  i s  d i scussed  fu r the r  i n  1 .6 .
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1 J Upstream-Downstream-On-Off  Analyses

Dur ing 1984 and 1985 there were f ive per iods of  15 to  35 days in

which both of  SONGS Uni ts  2 and 3 were out  o f  operat ion,  to  the extent

that  r to  heat  was generated and the pumping rate for  both uni ts  together

was hal f  or  less of  the rate for  fu l l  operat ion.  There were no such

pe r i ods  i n  1986 .

By compar ing data f rom these OFF per iods wi th  data f rom adjacent

pe r iods  o f  f u l1  ope ra t i on ,  and  us ing  a  d i s tan t  s ta t i on  fo r  t he  no r th

s ta t i on r  we  can  se t  up  a  mode l  l i ke  tha t  i n  1 .1  to  g i ve  a  fu l l y  so lub le

system of  e ight  equat ions in  s ix  unknowns.  Denot ing the data sets  f rom

OFF per iods by pr imes,  these equat ions are:

I  N ' = l + r

N t = f + S + E

S 0 = f * P S +

S t = f * A S +

N 0 '  =  f  +  f  +  e

N l '  -  I  +  Q  +  f  +  E

S 0 '  =  f  +  I  +  f  +  e

+ r S L ' = f + L + C + I + r

l + a

L + Q

The unpr imed equat ions are those of  1 .1,  wi th  P* and \  set  equal  to  zero

because the nor th s tat ion is  d is tant  f rom SONGS. A11 the notat ion is

the  same as  i n  1 .1 ,  excep t  t ha t  anew cons tan t  T  appears  i n thep r imed

equat ions,  express ing a natura l  d i f ference between the ON and OFF

per iods which is  taken to  be the same at  both s tat ions.  These equat ions

g ive  Ps  =  (s0 -s0 ' )  -  (N0-N0 ' )  and  As  =  (s t -s1 ' )  -  ( l t , - N ,  ' )  
.  € V € l l  i f  w e

L '

C is  the same atre lax the assumpt ion that  the natura l  current -ef fect

bo th  s ta t i ons .
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The  equ iva len t  mode l  used  i n  the  s ta t i s t i ca l  ana lyses  to  dea l  w i th

au toco r re la ted  e r ro rs  i s  a  recas t i ng  o f  t h i s  mode l  l i ke  tha t  desc r ibed

in  1 .3 ,  now us ing  th ree  i nd i ca to r  va r i ab les  to  d i s t i ngu i sh  among  the

e igh t  da ta  se ts .  Tha t  i s ,

A ( t )  =  N -S  =  b0  *  b lF  *  bzG  *  b3H  *  e (T )  ,

which F, G, and H are indicator variables taking on the values zero

one accord ing to  the fo l lowing tab le.

SONGS OFF,

SONGS OFF,

soNcs oN,
soNcs oN,

S A},IBIENT

S PLUME

S A},IBIENT

S PLUME

q
1

0

0

In  th is  form of  the model  ,  -bZ is  the est imate of  A,  ,  the mean SONGS

effect  on the south s tat ion in  hours when i t  is  c lass i f ied as Ambient ;

. -b ,  is  the est imate of  P,  ,  the mean SONGS ef fect  on the south s tat ion in

hours when i t  is  c lass i f ied as Plume.  I f  the assumpt ion that  the

natura l  change T is  the same at  both s tat ions does not  ho ld,  then -b,

es t ima te "  AS  *  (TU-TS)  and  -b ,  es t ima tes  PS *  (TN-TS)  ;  t ha t  i s ,  t he

same unknown error is added to the estimates of AS srrd PS. The

d iscuss ion  o f  s ta t i s t i ca l  me thods  i n  1 .3  app l i es  equa l l y  t o  t h i s  mode l

and i ts  appl icat ion,  s ince the only  d i f ference between the models  is  in

the number of  ind icator  var iab les.

0

0

1

0

0

0

0

I
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The avai lab le

JAN

JUN

ocT

JAN

NOV

OFF pe r iods  were :

13 -FEB  11 ,  1984

16 -JUN 30 ,1994

28 -DEC 1 ,  1984

26- l , tAR 1,  Igg5

16 -DEC 1 ,  l gg5

30  days ;

15  days ;

35  days ;

35  days ;

15  days ;

Corresponding ON data sets  were formed by bracket ing each OFF per iod of

days wi th  about  ha l f  as many ON days or  more f rom immediate ly  before and

af ter .  So far  as data were avai lab le,  compar isons were made for  each of

the f ive per iods;  for  each of  the s tat ions SOKD45,  SOKD35,  SOKU45,  and

SOKU35,  each at  two levels ,  on the bot tom and 2 m above bot ton;  and us ing

each of  the s tat ions SMK45,  PMRN, PMRS, and BK55 at  the corresponding

1eve1 for  the contro l  s ta t ion (which need not  actual ly  be nor th of  SONGS

or  the  o the r  s ta t i on ) .

There were enough data to  run 55 of  a l l  t t rese combinat ions.  Of

these runs ,  28 gave no est imates of  e i ther  p,  or  A,  wi th  p < .33 ,  and in

genera l  were not  considered fur ther .  The OFF per iod 16-30 June,  1984,

for  which only  SMK45 was aVai lab le as a contro l ,  gave s ign i f icant  large
,pos i t i ve  es t ima tes  o f  A r :  + .18  E lm ' -h r  ( p  =  . 015 )  a t  SOKD45 ;  + .23  (p  =

.015 )  a t  SOKD45 ;  + .23  (p= .010 )  a t  SOKD35 ,  + .11  (p= .10 )  a r  SOKU45 ,  a l l

a t  the level  0  m of f  bot tom. The corresponding est imates at  2  m above

the  bo t tom were  de f i n i t e l y  no t  s ign i f i can t :  -  . 04  (p  =  .SZ)  a t  SOKD45 ,  +

.19  (p  =  . 38 )  a t  SOKD35 ,  and  + ' . 10  (p  =  . 7L )  a t  SOKU45 . 'The  i r r ad iance

records for  June and Ju ly  of  1984 (see VI-3)  show two large ind iv idual
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Peaks of  i r rad iance wi th in  the OFF per iod occurr ing at  both levels  at

SMK45;  at  the s tat ions in  SOK these peaks were less s t rong at  Z m above

bo t tom and  weak  o r  absen t  a t  t he  bo t tom.  The  es t ima ted  pos i t i ve  A ,

aPPears to  be due to  a re la t ive suppress ion of  i r rad iance at  SOK in a

specia l  subset  o f  the OFF days,  ra ther  than an enhancement  at  SOK in ON

days ;  on  these  g rounds ,  i t  i s  eas ie r  t o  accep t  t h i s  e f fec t  as  a  (T " -TS)

ar is ing f rom the fa i lure of  an assumpt ion than to  take i t  as an ef fect  o f

SONGS on the SOK stat ions when SONGS is  operat ing and the s tat ions are

not  in  the p lume.

A11  the  o the r  es t ima tes  o f  A ,  w i th  p  <  .33  ave raged  to  +  .oz4F , / ^2 -

h r ;  13  were  pos i t i ve  and  s i x  nega t i ve .  Es t ima tes  o f  p ,  w i th  p  <  .33

averaged - .032 g/m2-hr ;  7  were negat ive and 1 posi t ive.  Taking only

the  es t ima tes  w i th  p  <  .10 ,  t he  es t ima tes  o f  A ,  ave raged  + .037

(5  pos i t i ve ,  3  nega t i ve )  and  the  es t ima tes  o f  p ,  ave raged  - .O49

(6 ,  a l l  nega t i ve ) .

Only  f ive runs gave est imates of  both P"  and A"  f rom the same data

sets wi th  one having p < .10 and the other  hav ing p > .33.  The resul ts

f rom these  (w i th  p - l eve l s  i n  pa ren theses )  a re :

AsPs

- .014 ( .32)
- .014 ( . le )
-  .03s ( .04)
- .o3e ( .0e)
- .080 ( .10)

-  .424 (  .0e )
-  .o re  (  .08  )
- .o27 ( .13)
-  .o7 I  ( .18)
-  .o44 (  .2 r )

1

[ } , .

V
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The f i rs t  three of  these pai rs  are f rom the same locat ion and per iod

(SOKU 45  a t  t he  bo t t om,  Jan . -Feb .  ' 84 )  w i t h  d i f f e ren t  con t ro l s  (SMK,

PMRS, BK,  in  order) .  The other  two are f rom other  and d i f ferent  p laces

and per iods,  wi th  BK as the common contro l .

In  contrast  to  the Upstream-Downstream analyses of  c lose s tat ion-

pa i r s  i n  L .2 ,  wh ich  p roduced  a  th ree -yea r  mon th -by -mon th  ca lendar  o f

cons i s ten t l y  nega t i ve  es t ima tes  fo r  P -A ,  mos t l y  s ign i f i can t  a t  t he

leve1  p  <  .05 ,  t he  Ups t ream-Downs t ream-On-Of f  ana lyses  do  no t  l ead  to

any  conc lus i ve  resu l t s  un less  one  re fuses  to  d i scoun t  t he  resu l t s  o f

June-Ju l y  L984 .
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1 .6  Ove ra l l

Logar i thm of

Upstream-Downstream Analyses

Irradiance

of  I r rad iance and the

The  resu l t s  g i ven  i n  1 .4  above  show smoo thed  h i s to r i es  o f  (P -A)  a t

fou r  s ta t i ons  i n  SOK.  In  th i s  sec t i on ,  t he  da ta  fo r  each  s ta t i on  i n  t he

seParate years 1985 and 1986 are combined to est imate the average for

the s tat ion and year .  These analyses have been carr ied out  for  the

i r rad iance I  ,  and a lso for  i ts  natura l  logar i thm ln l  To show the

reason  fo r  t h i s ,  and  to  i n te rp re t  t he  resu l t s ,  we  mus t  cons ide r  t he

assumPt ions  o f  t he  mode l  i n  1 . I  more  c lose l y ,  f r om the  po in t  o f  v i ew  o f

the  add i t i v i t y  o f  t he  da ta  se ts .

I t  was noted in  1.1 that  the model  must  assume that  natura l  changes

between t imes in  s tate (0)  and t imes in  s tate (1)  are the same at  both

s ta t i ons .  Tha t  i s ,  t he  mean  na tu ra l  d i f f e rence  be tween  s ta t i ons ,  a f te r

averaging out  random f luctuat ions,  must  be constant  over  t ime,  and the

same for  both s tates.  This  assumpt ion is  cer ta in ly  not  t rue in  genera l

for  any var iab le that  may be s tudied.  To use the l inear  or  addi t ive

model  on a par t icu lar  data set ,  th is  assumpt ion must  be va l idated by

s ta t i s t i ca l  t es t i ng  o f  t he  da ta  se t ,  w i th  o r  w i thou t  t he  suppor t  o f

phys ica l  arguments about  how the data is  expected to  behave.

The  p rob lem i s  mos t  s imp ly  i l l uS t ra ted  by  cons ide r ing  a  Be fo re -

A f te r -Con t ro l - Impac t  s tudy  ( see  2 .0  be low)  to  de tec t  and  es t ima te  a

powerplant  e f fect  on the abundance of  some organism, though the

pr inc ip les are the same for  the more complex Upstream-Downstream

-2L -


